Similarity between the target and masking voices is known to have a strong influence on performance in monaural and binaural selective attention tasks, but little is known about the role it might play in dichotic listening tasks with a target signal and one masking voice in the one ear and a second independent masking voice in the opposite ear. This experiment examined performance in a dichotic listening task with a target talker in one ear and same-talker, same-sex, or different-sex maskers in both the target and the unattended ears. The results indicate that listeners were most susceptible to across-ear interference with a different-sex within-ear masker and least susceptible with a same-talker within-ear masker, suggesting that the amount of across-ear interference cannot be predicted from the difficulty of selectively attending to the within-ear masking voice. The results also show that the amount of across-ear interference consistently increases when the across-ear masking voice is more similar to the target speech than the within-ear masking voice is, but that no corresponding decline in across-ear interference occurs when the across-ear voice is less similar to the target than the within-ear voice. These results are consistent with an "integrated strategy" model of speech perception where the listener chooses a segregation strategy based on the characteristics of the masker present in the target ear and the amount of across-ear interference is determined by the extent to which this strategy can also effectively be used to suppress the masker in the unattended ear.
I. INTRODUCTION
Most normal-hearing listeners perform very well in dichotic speech perception tasks that require them to selectively attend to a target speech signal in one ear while ignoring an unrelated interfering speech stimulus in the other ear. Cherry ͑1953͒, for example, found that listeners could easily recite the contents of a speech message presented in their right ear without any significant interference from a second unrelated message presented in the left ear. Since Cherry's initial findings, a number of additional experiments have shown that the presence of a speech masker in one ear has little or no impact on a listener's ability to selectively attend to a target speech signal presented in the other ear ͑Abouchacra et al ., 1997; Drullman and Bronkhorst, 2000; Egan et al., 1954; Moray, 1959 Moray, , 1969 Wood and Cowan, 1995͒ . Thus, on the basis of these experiments, one might conclude that listeners have little difficulty focusing their attention on the acoustic signal at one ear when a distracting or irrelevant signal is present in the other ear.
However, results from a recent study in our laboratory have shown that the ability to selectively focus attention on a single ear breaks down when a second interfering speech signal is present in the same ear as the target speech ͑Brun-gart and Simpson, 2002͒. In that study, listeners were able to achieve nearly perfect performance in a speech identification task when the masking phrase was presented in a different ear than a target phrase at the same level, and were correct approximately 70% of the time when the target and masking phrases were presented in the same ear. However, speech identification scores dropped to about 60% when a different masking phrase was presented to each ear, indicating that the listeners were susceptible to interference from a masker presented in the ear contralateral to the target when a second masker was presented to the same ear as the target speech.
Brungart and Simpson initially hypothesized that this "across-ear interference" effect represented an attentional resource limitation ͓e.g., ͑Wickens, 1984͔͒ that was directly dependent on the relative difficulty of the listening task in the listener's target ear. Specifically, a relatively simple speech segregation task in the target ear would require few attentional resources and would thus allow for the devotion of greater resources to suppressing the contralateral masker. Likewise, a more difficult speech segregation task in the target ear would require greater resources and thus would leave fewer resources for contralateral suppression. Thus, one might expect listeners to be able to perform a relatively easy multitalker listening task in the target ear without significant interference from a masking talker in the unattended ear, but not a relatively difficult one. This argument was bolstered by the fact that listeners in the study were much more sensitive to across-ear interference when the target-ear signal-to-noise ratio was negative than when it was positive.
In a later study, Kidd et al. ͑2003͒ examined a similar set of target-masker configurations in a non-speech detection task and found results that were not consistent with a model that assumes that across-ear interference is driven by the difficulty of the listening in the target ear. In that study, listeners were asked to detect the presence of a series of 1 kHz tones a͒ Electronic mail: douglas.brungart@wpafb.af.mil presented in the context of two different types of maskers: a random-frequency "multiple-bursts different" maskers, which qualitatively sounded much different than the fixedfrequency target tone and thus resulted in relatively low detection thresholds in a monaural listening task, and a fixedfrequency "multiple-bursts same" masker, which qualitatively sounded similar to the fixed-frequency target tone and resulted in relatively high detection thresholds in a monaural listening task. The listeners experienced significant levels of across-ear interference when they heard the different-sounding MBD masker in the target ear ͑i.e., an easier segregation task͒ and the similar-sounding MBS masker in the unattended ear, but almost no across-ear interference when they heard the similar-sounding MBS masker in the target ear ͑i.e., a more difficult segregation task͒ and the different-sounding MBD masker in the unattended ear.
These results do not seem to be consistent with the model proposed by Brungart and Simpson ͑2002͒, because that model would always predict a difficult listening task in the target ear ͑such as that resulting from the task with the MBS masker͒ to be at least as susceptible to interference from an across-ear masker as an easier listening task in the target ear ͑such as that with the MBD masker͒. However, the Kidd et al. ͑2003͒ data could be explained by an alternative model of dichotic selective attention, which we will call the "integrated strategy" model, that assumes that the listener can choose to focus attention using a single listening strategy that is applied more generally to the combined signal arriving at both ears. In a dichotic listening task with the target in one ear and the masker in the other ear, the listener would presumably choose the strategy of listening in the "target ear," and no substantial across-ear interference would be expected. However, in most cases, the strategy would be driven by the acoustic characteristics of the most destructive interferer in the listening environment, which typically would be the masker located in the same ear as the target. This integrated strategy model could easily explain the results found in the Kidd et al. ͑2003͒ study. First, consider the condition with the random-frequency MBD masker in the target ear and the fixed-frequency MBS masker in the unattended ear. In this case, the impact of the MBD masker may be reduced by a target detection strategy in which one listens for the tone that "does not change" in the target ear during the stimulus presentation. However, according to the model, this strategy cannot be directed to the target ear only but rather is implemented in a more general sense. Thus, the model would predict that such a strategy would allow for interference from the MBS stimulus in the unattended ear, which also does not change in frequency and thus could easily be confused with the target in the combined dichotic signal. Next consider the case with the fixed-frequency MBS signal in the target ear and the random-frequency MBD signal in the unattended ear. In that case, where both the target and the MBS masker in the target ear are constant over time, the most reasonable detection strategy would involve the listener selectively attending to the narrow "protected" frequency band in which the target could occur. This frequencybased segregation strategy would also exclude the offfrequency masking components of the MBD masker in the contralateral ear, so the model would predict relatively little across-ear interference in this case. Thus, it seems that the results of the Kidd et al. ͑2003͒ study could be explained by a model that predicts best performance when a within-ear segregation strategy is adopted by the listener that also reduces interference from the across-ear masker.
Clearly there are large differences between the stimuli used in the Kidd et al. ͑2003͒ study and the speech stimuli used in the Brungart and Simpson ͑2002͒ study. In order to determine whether the integrated strategy model that accounts for the results from Kidd et al. ͑2003͒ might also apply for dichotic speech perception tasks, it is necessary to construct a dichotic speech perception experiment that systematically varies two important factors of the auditory stimulus: the relative difficulty of the within-ear listening task, and the relative similarity of the target talker to the within-and across-ear maskers. If the "shared resource" model of dichotic attention is correct, one would expect across-ear interference to depend primarily on the difficulty of the within-ear listening task. However, if the integrated strategy model is correct, one would expect performance to vary systematically with within-and across-ear targetmasker similarity. Specifically, one would expect the most across-ear interference to occur when the across-ear masker is more similar to the target talker than the within-ear masker, because the best strategy to segregate the target from the masker in the attended ear would not be an effective strategy for eliminating interference from the more targetlike masker in the unattended ear.
As it turns out, both within-ear task difficulty and targetmasker similarity can be examined relatively easily by manipulating the voice characteristics of the within-and acrossear maskers in a speech identification task using the coordinate response measure ͑CRM͒. Previous studies using these speech stimuli have shown that changes in the similarity of the target and masker voices have a substantial impact on the difficulty of a two-talker monaural listening task: the performance is best when the masking phrase is spoken by a talker who is different in sex than the target talker, somewhat worse when the masking phrase is spoken by a different talker of the same sex, and worse still when the target and masking phrases are both spoken by the same talker ͑Brun-gart and Simpson, 2002͒. Therefore it should be possible to use similarity between the target and masking voices in the target ear to systematically probe the relationship between task difficulty in the target ear, within-ear and across-ear target-masker similarity, and susceptibility to across-ear interference from an unrelated speech masker in the unattended ear.
The present study consists of a series of experiments designed to explore the role that target-masker similarity plays in dichotic listening. In the Brungart and Simpson ͑2002͒ study, only cases in which the target phrase, target-ear masking phrase, and unattended-ear masking phrase were all spoken by different same-sex talkers were considered. To this point, we are aware of only one other experiment ͑Wightman and Kistler, 2005͒ that has examined the role of target-masker similarity in this dichotic paradigm. However, that experiment was limited to only two cases: one with male target and masking voices in one or both ears, and one with a male target voice and female masking voice in one or both ears. In this experiment, we extend the same dichotic listening paradigm to explore same-talker, same-sex, and different sex maskers both in the target and unattended ears. The next section describes the experiment in more detail.
II. EXPERIMENT 1: DICHOTIC SIMILARITY IN A HYBRID MONAURAL-DICHOTIC COCKTAIL-PARTY TASK

A. Methods
The experiment was based on the CRM, a call-sign based intelligibility test that has proven useful for measuring performance in listening with two or more simultaneous talkers ͑Brungart, 2001a, b͒. The CRM phrases were taken from the publicly available CRM speech corpus for multitalker communications research ͑Bolia et al., 2000͒, which contains phrases of the form "ready ͑call sign͒ go to ͑color͒ ͑number͒ now," spoken by four male and four female talkers with all possible combinations of eight call signs ͑"Arrow," "Baron," "Charlie," "Eagle," "Hopper," "Laker," "Ringo," "Tiger"͒; four colors ͑"blue," "green," "red," "white"͒; and eight numbers ͑1-8͒.
The stimulus presented to the right ͑target͒ ear always consisted of a mixture of two simultaneous phrases from the corpus: a target phrase, randomly selected from the phrases containing the call sign Baron, and a masking phrase, randomly selected from all the phrases that were different in call sign, color, and number from the target phrase. The level of the target phrase was scaled relative to the masking phrase to produce one of five different target-to-masker ͑TMRs͒ ͑−8, −4, 0, 4, or 8 dB͒. The stimulus presented to the left ͑unat-tended͒ ear consisted either of silence or of a second phrase that was randomly selected from all the phrases in the CRM containing a different call sign, color, and number than either of the two phrases in the target ear. When present, this contralateral masking phrase was presented at the same level as the masking phrase in the target ear.
Prior to each trial, the target talker was randomly selected from the eight talkers in the corpus. Then, depending on the experimental condition, the masking talkers in the target and contralateral ears were selected from one of three different categories: same-talker ͑T͒, where the masking talker was the same talker used in the target phrase; same-sex ͑S͒ where the masking talker was a different talker who was the same sex as the target phrase; and different-sex ͑D͒, where the masking talker was a different talker who was different in sex from the target talker. This resulted in the 12 different stimulus conditions shown in Fig. 1 . Once the correct target and masking phrases were selected, the waveforms were digitally combined and played at a comfortable listening level ͑roughly 65 dB SPL͒ through stereo headphones ͑AKG-240͒ connected to a 50 kHz 24-bit D/A card ͑Sound-Blaster Audigy͒.
The experiment was conducted by listeners seated in front of the CRT of one of three identical control computers located in three different quiet listening rooms. Prior to the experiment, the listeners were instructed to always listen in their right ear for the target phrase containing the call sign Baron, and to respond by selecting the color and number coordinates contained in that target phrase from an array of colored digits displayed on the screen of the control computer. The data collection was divided into blocks of 60 trials, with one repetition of each of the 12 listening configurations at each of the 5 target-ear TMR values in each block. Each of the 10 listeners participated in a total of 48 blocks of trials in the experiment, for a total of 2880 trials per listener. also analyzed with a three-factor within-subjects analysis of variance on the factors of target-ear TMR ͑−8, −4, 0, 4, or 8 dB͒, unattended-ear masker type ͑same-talker, same-sex, different-sex, and none͒, and target-ear masker type ͑same-talker, same-sex, and different sex͒. The ANOVA results shown in Table I indicate that all the main effects and twoway interactions in the experiment were statistically significant at the p Ͻ 0.005 level. Additional post-hoc two-tailed t-tests were conducted to compare the overall effect of unattended ear masker type across the four curves shown in each panel of Fig. 2 . The raw p values obtained from these analyses are shown in Table II , and the bold values in the table indicate pairs that were significantly different at the p Ͻ 0.05 level after Bonferroni correction to account for the 18 pairwise comparisons ͑a total of six comparisons across the four curves within each of the three panel͒. The results of this pairwise comparison test are shown by the brackets on the left sides of the legends in Fig. 2 : conditions that were not significantly different from one another are grouped together into the same bracket, and conditions that were significantly different from one another are grouped into separate brackets.
B. Results
As the post-hoc t-test results indicate, all three of the independent variables tested in the experiment had a significant impact on performance in the dichotic listening task. Looking from left to right across the three panels of Fig. 2 , it is apparent that performance systematically decreased as the target-ear masker changed from a different-sex voice that was qualitatively much different than the target talker to a same-talker voice that was identical to the target talker. This trend is consistent with previous studies that have shown that performance in the two-talker CRM listening task is better with a different-sex masker than with a same-sex masker and better with a same-sex masker than with a same-talker masker ͑Brungart, 2001b͒.
Looking from left to right within the individual panels of Fig. 2 , it is also apparent that performance varied systematically with the TMR value in the target-ear. When the TMR value was greater than 0 dB, performance consistently increased with increasing TMR. When the TMR value was less than 0 dB, however, there were cases where decreasing TMR had little or no effect on performance ͑as in the TS-, TT-D, TT-S, and TT-T conditions͒ and one case where performance actually increased with decreasing TMR ͑the TT-condition shown by the triangles in the right-hand panel of Fig. 2͒ . In the conditions with no unattended-ear masker ͑i.e. the TSand TT-conditions shown by the triangles in the right-handmost two panels of the figure͒, the plateau in performance that occurred at negative TMR values can be attributed to the use of level difference cues to help distinguish between the target and masking voices. For example, the increase in performance that occurred at −8 dB in the TT-condition probably occurred because the listeners were able to perform the task by listening for the quieter of the two talkers in the stimulus. Similar results have been reported in previous studies that have examined two-talker listening tasks in monaural listening environments ͑Brungart, 2001b; Egan et al., 1954͒. The characteristics of the unattended-ear masker also had an impact on performance. A comparison across the four curves within each panel indicates that performance was consistently degraded when a masking voice was added to the unattended ear and that, in general, the amount of degradation was greatest when the masking voice in the unattended ear was qualitatively similar to the target voice. However, the degree to which listeners were affected by the similarity between the target voice and the unattended-ear masking voice varied across the three different target-ear masking conditions. When a different-sex masking voice was present in the target ear, all four of the unattended-ear masking conditions were significantly different from one another ͓as indicated by the results of a Bonferroni-corrected post-hoc t-test at the p Ͻ 0.05 level ͑Table II͔͒. This is illustrated by the four nonoverlapping brackets in the legend of that panel. When a same-sex masking voice was present in the target ear, performance was best with no unattended-ear masker and worst with a same-talker unattended-ear masker, but there was statistically no difference between a same-sex or different-sex masker in the unattended ear. Finally, when a same-talker masking voice was present in the target ear, the addition of a masking phrase to the unattended ear caused the same amount of degradation independent of its vocal characteristics.
Further insights into the results can be obtained by more closely examining the pattern of errors produced in the experiment. Figure 3 shows an analysis of the "intrusions" that occurred in the experiment, where an intrusion is defined as a trial where the color or number response of the subject matched one of the masking phrases in the stimulus rather than the target phrase. The values in the left panel of the figure represent the ratio of the proportion of trials where an across-ear intrusion occurred ͑the response color or number matched the masking phrase in the unattended ear͒ to the proportion of trials where a within-ear intrusion occurred ͑the response color or number matched the masking phrase in the target-ear͒. The right-hand panel of Fig. 3 shows the ratio of the proportion of random responses ͑where either the response color or the response number did not match any of the CRM phrases in the stimulus͒ to the proportion of trials where a within-ear intrusion occurred. As in previous experiments ͑Brungart and Simpson, 2002; Wightman and Kistler, 2005͒ , these results show that within-ear intrusions are responsible for the majority of the incorrect responses in the dichotic listening task, occurring more than 10 times as frequently as random errors that fail to match any of the color and number key words presented in the stimulus. However, the proportion of across-ear intrusions varied systematically with the target and masker configuration in a manner that seemed to directly mirror the across-ear target-masker similarity seen in Fig. 2 . When a different-sex masking voice was present in the target ear, the proportion of across-ear intrusions increased dramatically as the unattended ear masker became more similar to the target voice, with nearly five times as many across-ear intrusions for the TD-T condition than for the TD-D condition, and more than twice as many for the TD-S condition than for the TD-D condition. When a same-sex masking voice was present in the target ear, the proportion of across-ear intrusions showed the same pattern, but less dramatically than in the different-sex target-ear masking conditions. And when a same-talker masking voice was present in the target ear, the voice characteristics of the masker in the unattended ear had no effect on the number of across-ear confusions.
C. Discussion
The results from Experiment 1 cannot be accounted for by the shared resource model in which performance is mediated by the difficulty of the segregation task in the target ear. For example, even when a condition was presented in which the monaural segregation task was relatively easy ͑i.e., the TD condition͒ performance was differentially affected by the contralateral masker depending upon its relative similarity to the speech phrases in the target ear. Moreover, in the most difficult condition ͑the TT condition͒ listeners were generally least susceptible to across ear interference.
However, the somewhat complicated relationship between the amount of across-ear interference caused by a speech masker in the unattended ear, and the similarity between that speech masker and the target speech signal does appear to be well predicted by the integrated strategy model of dichotic attention. When the within-ear masker was qualitatively different from the target, the amount of across-ear interference systematically increased with the similarity between the across-ear masker and the target. However, as the within-ear masker became more similar to the target speech, similarity between the across-ear masker and the target had less of an effect on performance. In the limit, when the within-ear masker was identical to the target talker, variations in the qualitative similarity of the across-ear masker and the target talker had little or no measurable effect on performance. These findings are consistent with the integrated strategy model, which generally predicts that the amount of across-ear masking should be influenced not simply by the similarity between the target talker and the acrossear masker, but rather by the extent to which the across-ear masker is more similar to the target speech than the withinear masker is.
To elaborate, under the integrated strategy model, we assume that the listener is forced to adopt a single listening strategy that will most effectively segregate the target speech phrase from all of the interfering voices present in the combined dichotic stimulus. As the within-ear masker generally causes the most interference, one would typically expect the listener to adopt the strategy that makes it easiest to extract the target-ear speech from the target-ear masker. The amount of across-ear interference is then determined by the extent to which this segregation strategy can be used to attenuate the interference from the masker in the unattended ear. For ex -FIG. 3 . Analysis of within-ear and across-ear intrusions in Experiment 1. In this context, a within-ear intrusion is assumed to occur when either the color response or the number response in a given trial matches the color or number word spoken by the masking talker in the target ear. Similarly, an acrossear intrusion occurs when either the response color or response number matches the phrase spoken by the masking talker in the unattended ear. The left-hand panel shows the ratio of across-ear to within-ear intrusions in each condition of the experiment. The right-hand panel shows the ratio of random responses ͑where the response contained a color or number word that was not spoken by any talker in the stimulus͒ to within-ear intrusions. The error bars show the ±1 standard error around each data point.
ample, consider the case where the target talker is male and the masking talker in the same ear is female. The best segregation strategy is one that eliminates as much of the female masker as possible while retaining as much of the male target as possible. If an additional female voice is presented in the unattended ear, the listener will still be able to maintain a high level of performance because the segregation strategy adopted to eliminate the same-ear masker is also effective at eliminating the across-ear masker. If the across-ear talker is male, however, the listener is likely to confuse it with the target talker and thus will experience a decrease in performance due either to the failure of the listening strategy or to the necessity to adopt a less efficient listening strategy than one based on gender differentiation in the target ear.
Next consider the case where the target talker is male and there is a same-sex masker in the target ear. In this case, the listener will have to focus his or her attention on the more subtle differences that can be used to identify a particular male talker, including mean F0 value, vocal tract length, and speaking style. If a female voice is presented in the unattended ear, performance is only slightly degraded because that talker's F0 values, vocal tract length, and speaking style will not match those of the target talker. However, if a same-talker masker is added to the unattended ear, it will match these characteristics and again the listener will experience a marked decrease in performance.
Finally consider the case where the same voice is used for both the target and masker phrases in the target ear. Now the listener only has access to very weak prosodic continuity cues to connect the target call sign to the subsequent color and number combination occurring in the target phrase. Even if the unattended-ear masker also has the same voice as the target talker, the listener is not severely impaired by this across-ear masker similarity because the same-talker masker will not have the same prosodic pattern as the target phrase. Similarly, he or she will gain no improvement in performance if the unattended-ear masker happens to be a different sex talker, because he or she is listening specifically for prosodic patterns and not for gender differences in the voices.
Note that this integrated strategy model has direct parallels to the ideas of early and late selection outlined in the multimode theory of attention of Johnston and Heinz ͑1978͒. They suggested that target information is selected at the level of sensory analysis by early modes of attention but not until after semantic analysis by late modes. They also suggest that, as the perceptual-processing system shifts from early to late modes of attention, it collects more information from nontarget sources but requires more capacity to focus on a specific target source. In the context of our results, this might suggest that the preferred mode of attention is set by the masking talker in the target ear, and that the listener will be susceptible to additional interference from the masker in the unattended ear if the information from that ear needs to be selected at a later stage of attention than the information in the target ear. For example, in a condition with the differentsex target-ear masker, listeners may be relying primarily on early selection to extract the target speech signal from the target-ear masker. This may make them susceptible to interference from a perceptually-similar masker in the unattended ear, which requires processing on the more detailed semantic level associated with late selection to be successfully disentangled from the target speech. In the condition with a sametalker ipsilateral masker, they are relying on late selection for the target-ear listening task, and this requires more resources overall and results in lower performance, but it allows the target speech to be successfully extracted from the contralateral masker even when that masker is perceptually similar to the target talker.
One aspect of the results which was not directly addressed by either the shared-resource model or the integrated strategy model is the presence of a significant amount of across-ear intrusions in the TD-T conditions of the experiment. These kinds of intrusions are perfectly consistent with the integrated strategy model, and, depending on how the "within-ear segregation" and "across-ear segregation" processes are structured, they could also occur under the sharedresource model of attention. However, they do seem to preclude the possibility that "across-ear" segregation and "within-ear" segregation could be sequential processes, whereby the listener first uses some attentional resources to fully switch attention to the ear containing the target signal, and then uses the remaining attentional resources to extract the target signal from the remaining target-ear signal on the basis of voice characteristics and other monaural factors. If the dichotic attention process used this kind of sequential structure, one would predict ͑1͒ that similarities between the target talker and the across-ear masker would have little or no effect on the amount of across-ear interference and ͑2͒ that across-ear intrusions would almost never occur in any stimulus condition. The results of Experiment 1 clearly refute the first prediction: similarities between the target talker and the across-ear masker had a significant and in some cases a substantial impact on the amount of across-ear interference in the experiment. The increased numbers of across-ear intrusions that occurred in the TS-T and TD-T conditions also seem to refute the second prediction. One could attribute the small number of intrusions that occurred in the other conditions of the experiment ͑and those that in earlier experiments that used similar stimuli ͑Brungart and Simpson, 2002; Wightman and Kistler, 2005͒ to short lapses of listener attention, but the systematic increase in intrusions that occurred in the TS-T and TD-T conditions can only be explained by a model in which the signals from the listener's left and right ears are, on some level, combined prior to the extraction of the target speech on the basis of the vocal characteristics of the talkers. It is also perhaps worth noting that the significantly increased of across-ear intrusions that occurred when the across-ear masking voice was identical to the target voice is consistent with an earlier finding by Treisman ͑1964b͒ that showed that listeners who were asked to repeat the words spoken by a female talker in the right ear almost never mistakenly reported the words spoken by an interfering male talker in the left ear ͑Ͻ1%͒, but frequently reported the words spoken by the same female talker in the left ear ͑Ϸ20% ͒. Thus, it seems that listeners have some difficulty in completely ignoring a masking voice in the unattended ear when it is very similar in character to the target voice.
Although the results of Experiment 1 consistently sup-port the predictions of the integrated strategy model of dichotic attention, they represent only a small fraction of the possible combinations that could occur in dichotic listening. Further, many of the effects found in the experiment were quite small in magnitude, suggesting they might not be consistently repeatable. And, perhaps most importantly, they only covered a range of conditions where listeners performed reasonably well in the CRM task ͑Ͼ40% ͒, suggesting that some of the effects might have been very different if the listeners performance were closer to chance performance. In order to address these potential issues, a second experiment was conducted where the experimental conditions of Experiment 1 were made more difficult by adding a second interfering talker to the same ear as the target speech. The next section describes this experiment in more detail.
III. EXPERIMENT 2: A DICHOTIC LISTENING TASK WITH TWO INTERFERING TALKERS IN THE TARGET EAR
A. Methods
The methods used in Experiment 2 were virtually identical to those used in Experiment 1, with one major exception. In Experiment 2, the target speech signal presented to the listener's right ͑target͒ ear was masked by two independent CRM phrases, rather than the single interfering CRM phrase used in Experiment 1. Both of the interfering CRM phrases in the target ear were selected to have the same level of qualitative similarity to the target speech ͑i.e., both were spoken by the target talker, both were spoken by different same-sex talkers, or both were spoken by different differentsex talkers͒. Both interfering talkers were also scaled to have the same overall root-mean-square ͑RMS͒ level, and then the target speech was scaled relative to this level to produce one of five different TMR ratios: −3, 0, +3, +6, and +9 dB. In some conditions, an additional randomly selected CRM phrase was scaled to the same level as the masking phrase in the target ear and presented to the listener's left ͑unattended͒ ear. Again, depending on the condition, this talker was either the same talker who spoke the target phrase, a different talker of the same sex, or a talker who was different in sex than the target talker. Note that, as in the first experiment, the maskers were selected to ensure that they did not contain the same color or number keywords as the target phrase.
Nine of the ten listeners who participated in Experiment 1 also served as subjects in Experiment 2. The data were collected in blocks of 96-108 trials, with each block taking approximately 5 min to complete. In the first 24 blocks, the TMR values ranged from 0 to + 9 dB, but in the last 6 blocks this range was expanded to include the data point at −3 dB. This resulted in a total of 2952 trials per listener, with 30 trials in each of the 12 target-masker configurations at an TMR of −3 dB, and 54 trials in each of the 12 target-masker configurations at each TMR value greater than 0 dB. Figure 4 shows the results of Experiment 2 in the same general format used in Fig. 2 . All three independent variables and their interactions were found to be significant in a threefactor within-subjects ANOVA ͑Table III͒. Although the overall level of performance was lower in Experiment 2 than it was in Experiment 1, the pattern of performance was remarkably similar. As expected, overall performance decreased systematically with target-masker similarity in the target ear ͑moving from left to right across the panels͒, and increased systematically with increasing target-to-masker ratio ͑moving from left to right within each panel͒. There was also evidence of the same significant interaction between target-masker similarity in the target ear and the unattended ear that occurred in Experiment 1. As in Fig. 2 , the brackets in the legends of the panels in Fig. 4 indicate conditions that were determined to be significantly different from one another with a bonferonni-corrected post-hoc t-test ͑Table IV͒. When a different-sex masking voice was present in the target ear, all four of the unattended-ear masking conditions were FIG. 4 . Percentage of correct color and number identifications in each condition of Experiment 2, where there were two interfering talkers in the listener's right ͑target͒ ear, and either zero or one interfering talkers in the listener's left ͑unattended͒ ear. Each panel represents a different type of masker in the target ear, and the different symbols within each panel represent different types of maskers in the unattended ear. The error bars represent the 95% confidence intervals for each data point, calculated from the pooled raw data across all 9 subjects. The braces in the legends of each panel indicate groups of conditions that were not significantly different from one another at the p Ͻ 0.05 level ͑as calculated from post-hoc Bonferronicorrected paired-comparison t-test͒. significantly different from one another; when a same-sex masking voice was present in the target ear, performance was best with no unattended-ear masker and worst with a sametalker unattended-ear masker, but there was no difference between a same-sex or different-sex masker in the unattended ear; and when a same-talker masking voice was present in the target ear, the vocal characteristics of the masker in the unattended ear had no significant effect on the resulting degradation in performance. The pattern of within-ear and across-ear intrusions in Experiment 2 was consistent with the pattern found in Experiment 1. Figure 5 shows an analysis of intrusions that is similar to the one shown in Fig. 3 , but limited to intrusions related to incorrect number responses rather than number or color responses ͑in the four-talker stimuli of Experiment 2 all four colors were always present in every stimulus, so there is no way to distinguish between random errors and intrusions in the color responses of that experiment͒. The data in the figure are somewhat more variable than those from Experiment 1, but the same basic trends are evident: ͑1͒ the majority of the errors are the result of within-ear intrusions, rather than across-ear intrusions or random responses and ͑2͒ the ratio of across-ear intrusions to within-ear intrusions is the same for all types of unattended-ear maskers when there are same-sex maskers in the target-ear, but is much higher for a same-talker unattended-ear masker when there are differentsex maskers in the target ear.
B. Results
C. Discussion
The results of Experiment 2 provide additional support for all of the major conclusions of Experiment 1. The first of these conclusions was that there is not an increasing relationship between the difficulty of within-ear segregation and the amount of across-ear interference in a dichotic listening task. In Experiment 2, the TDD condition was by far the easiest within-ear segregation condition, but the TDD-S and TDD-T conditions produced more across-ear masking than any of the other dichotic conditions. Similarly, the TTT condition was the most difficult within-ear segregation condition, but the TTT-D, TTT-S, and TTT-T conditions produced almost no measurable across-ear interference at all. From these results and those of Experiment 1, it is very clear that the qualitative difficulty of the within-ear segregation task cannot be used to reliably predict the amount of across-ear interference in a dichotic speech identification task.
The second major conclusion of Experiment 1 was that the amount of across-ear interference varied in a complex but systematic way depending on how similar the within-and across-ear maskers were to the target talker. Again, the results of Experiment 2 fully support this conclusion. The amount of across-ear interference was generally greatest, and varied least with the voice characteristics of the across-ear masker, in the TDD-conditions, and the amount of across-ear interference was generally smallest, and varied the least with the voice characteristics of the across ear masker, in the TTTconditions.
The final major conclusion of Experiment 1 was that the number of across-ear intrusions depended on the targetmasker similarity of the within-and across-ear maskers, and that the largest number of intrusions occurred when there was a different-sex masker in the target ear and a same-talker masker in the unattended ear. Again, the results of Experiment 2 exactly match this pattern of results.
Although the magnitudes of the effects were, in some cases, very small, the fact that all the major performance trends related to within-and across-ear target-masker similarity were almost exactly the same in Experiments 1 and 2 gives some confidence that these trends reflect real properties in the underlying processes involved in dichotic speech perception. Thus, the evidence seems to be mounting that dichotic speech segregation can be conceptually modeled by an "integrated strategy model" where the amount of acrossear interference can be predicted by the extent to which the listener's optimal strategy for extracting the target speech IG. 5. Analysis of within-ear and across-ear intrusions in Experiment 2. These intrusions were calculated as in Fig. 3 , but the data were analyzed only for number errors only, and not for both number and color errors ͑all four colors were present in every stimulus presentation, so an analysis of color errors is not meaningful in this context͒. The error bars show the ±1 standard error around each data point.
signal from the masking talker in the target ear can be effectively applied to suppress the interference from the masking talker in the unattended ear. If one assumes that speech signals differ from one another on some continuum, and that the optimal strategy for speech segregation is to choose the least conservative listening strategy that will reliably differentiate the target speech from the masker, then one could summarize the predictions of the model with the relatively simple heuristic that the amount of across-ear interference is insensitive to target-masker similarity when the within-ear masker is at least as similar to the target talker as the across-ear masker is, but that across-ear interference systematically increases when the across-ear masker becomes more similar to the target talker than the within-ear masker is.
To this point, all of the available data seem to be consistent with this heuristic. However, these data have only examined a very limited number of cases. In order to further test the integrated strategy hypothesis, a third experiment was conducted that examined the effect of time-reversing the speech maskers in the target and unattended ear. This condition was designed to build on one of the major results from Brungart and Simpson ͑2002͒, namely that the presence of a time-reversed talker in the unattended ear can cause as much across-ear interference as a normal talker in the unattended ear. As the contralaterally presented time-reversed speech in this condition was qualitatively less similar to the target speech than the normal masker in the target ear, this result is again consistent with the integrated strategy model for predicting the effects of across-ear interference. However, we did not test the closely related condition with a reversed within-ear masker and a normal across-ear masker, which, if the listeners were applying a within-ear segregation strategy of "listening to the non-reversed talker," would be predicted to produce a greater amount of across-ear interference than a condition with reversed maskers in both ears. Experiment 3 was conducted to more fully explore the effect of time reversal on dichotic listening performance.
IV. A DICHOTIC LISTENING TASK WITH TIME-REVERSED WITHIN-AND ACROSS-EAR MASKERS
A. Methods
The methods used in the third experiment were again similar to those used in the TS and TS-S listening conditions of the first experiment. As in Experiment 1, the target phrase in each trial was randomly selected from all the phrases in the CRM corpus with the call sign Baron, and the masking phrases were chosen from all the phrases in the corpus that had different call signs, colors, and numbers than the target phrase and were spoken by a different talker of the same sex as the target talker. Also, as before, the RMS value of the phrase presented in the target ear was scaled to one of five different TMR values relative to the level of the masking phrase in that ear ͑−8, −4, 0, +4, or +8 dB͒. The primary difference in Experiment 3 was that, in addition to the standard conditions with a same-sex masker in the target ear ͑the TS condition͒ or in both ears ͑the TS-S condition͒, three new conditions were conducted with the same-sex masking phrase time-reversed either in the same ear as the target speech ͑the TR and TR-S conditions͒, the ear opposite the target speech ͑the TS-R condition͒, or in both ears ͑the TR-R condition͒.
A total of nine paid volunteer listeners participated in the study, including seven of the nine listeners from Experiment 2. The data collection was divided into blocks of 110 trials, with each block containing 10 trials in each of the six conditions listed previously.
1 Each subject participated in a total of 36 blocks over a two week period, resulting in a total data collection of 360 trials per subject in each of the six conditions. Figure 6 shows the results of Experiment 3 in a format similar to the one used in Figs. 2 and 4. Not surprisingly, the results show that performance was substantially better when the target-ear masker was time-reversed ͑left-hand panel͒ than when it was presented normally ͑right-hand panel͒. Also, comparing the curves in the right panel, it is clear that the listeners performed almost identically in the TS-S and TS-R listening configurations, just as they did in the earlier experiment by Brungart and Simpson ͑2002͒. However, the results in the left-hand panel clearly show that time-reversal of the contralaterally-presented stimulus did have a large impact on performance when the target-ear masker was time reversed. In fact, performance at low TMR values was approximately 15 percentage points worse in the TR-S condition than in the TR-R condition. A Bonferroni-corrected post-hoc t-test test performed on results confirmed that the TR, TR-R, and TR-S conditions were all significantly different from one another, but that the TS-R and TS-S conditions were not ͑as illustrated by the brackets in the legends in Fig.  6͒ . FIG. 6 . Percentage of correct color and number identifications in each condition of Experiment 3, where there was a single normal or reversed interfering talker in the listener's right ͑target͒ ear, and either zero or one interfering normal or reversed talkers in the listener's left ͑unattended͒ ear. Each panel represents a different type of masker in the target ear, and the different symbols within each panel represent different types of maskers in the unattended ear. The error bars represent the 95% confidence intervals for each data point, calculated from the pooled raw data across all 9 subjects. The braces in the legends of each panel indicate groups of conditions that were not significantly different from one another at the p Ͻ 0.05 level ͑as calculated from post-hoc Bonferroni-corrected pairwise t-tests.͒
B. Results
C. Discussion
The data from Experiment 3 again reinforce the two major conclusions of Experiment 1. First, they provide further evidence that the amount of across-ear interference is unrelated to the difficulty of the listening task in the target ear. When the target-ear TMR value was 0 dB, for example, performance was nearly perfect in the TR condition, and only about 75% in the TS condition, but the addition of a same-sex across-ear masker produced roughly the same decrease in performance ͑20 percentage points͒ in both conditions.
The data also provide additional support for the notion that across-ear interference in dichotic listening depends on the target-masker similarity of the across-ear masker only when that masker is more similar to the target speech than the within-ear masker is. In the case of Experiment 3, time reversing the across-ear masker to make it more distinct from the target speech improved performance when the within-ear masker was also reversed, but not when the within-ear masker was normal speech. Conceptually, one could interpret this to mean that the listener in the TR condition was adopting a within-ear strategy of "listening to the non-reversed taller," and that this strategy was disrupted more in the presence of a normal across-ear masker ͑which would not be filtered out by the within-ear strategy͒ than by the presence of a time-reversed across-ear masker ͑who would be filtered out by the within-ear strategy͒. Similarly, in the TS case the listener adopts a within-ear-segregation strategy-based on specific voice characteristics ͑F0, Vocal Tract, etc.͒ that would be just as effective on the time-reversed across-ear masking speech as it would be on the normal across-ear masking speech. Thus, the listener's performance is not significantly different across the TS-S and TS-R conditions of the experiment.
V. CONCLUSIONS
In this paper, we have presented three experiments examining the role that target-masker similarity plays in within-ear and across-ear interference in dichotic listening. As in previous studies, these results have shown that withinear selective attention degrades when the target and masking voice characteristics become more similar. However, there was no evidence that the amount of across-ear interference was directly related to the difficulty of the within-ear listening task. In many cases, the listeners were most susceptible to across-ear interference in the conditions with the most easily segregated different-sex masking talker in the target ear. There were, however, strong indications that there is a consistent relation between within-ear target-masker similarity, across-ear target-masker similarity, and the amount of across-ear masking in a dichotic listening task. In all the conditions we tested, the amount of across-ear interference increased with the similarity of the across-ear masker to the target voice only when the across-ear masker was more similar to the target than the within-ear masker was. Further, this increased across-ear interference was associated with an increased number of across-ear intrusions where the listener inadvertently responded with the color and number keywords spoken by the masker in the unattended ear.
These results provide strong support for an integrated strategy model of dichotic attention in which the sounds from the attended and unattended ears are, in some way, integrated together into a single perceptual image prior to the point where the voices are actually segregated into different streams of speech. Thus, the listener is forced to choose a single general speech segregation strategy that is effectively applied to the combined signal containing all the competing voices in the dichotic stimulus. However, one issue that remains unresolved is how the signal from the unattended ear is really represented in this combined signal. In her Attenuation Filter Theory, Treisman ͑1964a͒ suggested that selective attention to a single ear has the effect of attenuating, but not eliminating, the acoustic information arriving at the unattended ear, and that the attenuated message from the unattended ear is in effect combined with the message from the attended ear prior to semantic processing. This would suggest that the voice from the unattended ear is present in the combined signal prior to the extraction of the target phrase, but that it produces less interference than it would if it were presented in the same ear as the target speech. This certainly seems like a reasonable assumption, but from the results we have obtained thus far it is difficult to know just how much "attenuation" occurs in the signal from the unattended ear. Of course, performance in the dichotic listening task is generally worse when the second interfering masker is presented in the same ear as the target speech than when it is presented in the opposite ear, but much of this effect could be accounted for by additional energetic masking due to the spectral overlap of the competing talkers in the target ear. And there is at least one exception to this rule: when the second interfering masker is much quieter than the other two talkers, it can actually produce more interference when it is added to the unattended ear than when it is added to the target ear ͑Brungart and Simpson, 2005͒. Before a truly comprehensive model of dichotic spatial attention can be developed, it will be necessary to gain a greater understanding of how the "attenuated" image of the across-ear masker is really perceived in relation to the unattenuated image of the speech signal in the target ear.
